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ABSTRACT
This article describesan effort to re-examinethe sci-
entific basesof the existing, more than two decades-
old U.S. EnvironmentalProtectionAgency (EPA) policy
on volatile organic compound reactivity in light of
retent scientific knowledgeand understanding.The

existing policy allows ‘negligibly reactive’ organic
emissions,that is, emissionswith ambientozonepro-
duction potential lower than that of ethane,to be ex-
emptedfrom all ozoneregulations.It relies on use of
k0~and incremental reactivity data for determining
whetheran organiccompoundis negligibly reactive.
Recentscientific evidencesuggeststhat (1) exempting
the negligibly reactiveorganicemissionsfrom all regu-
lations is unjustifiable, (2) the choice of ethaneas the
benchmarkorganicspeciesfor distinguishingreactive
from negligibly reactiveorganicsmay be inappropri-
ate, (3) the assumptionsand methodsusedfor classi-
fying organic compoundsas “reactive” and “negligi-
bly reactive” shouldbe reconsidered,and (4) the vola-
tility factor shouldbe considered,moreappropriately,

in much the sameway as the reactivity factor.

INTRODUCTION
Photochemicalreactions of volatile organic com-
pounds(VOCs) and nitrogen oxides (NQ) in the at-
mosphereresult in formation of photochemicalsmog,

a mixture of oxidantsandotherhazardousgaseousand
particulate pollutants, the most important constitu-
ent of which is ozone,a pollutantwith adverseeffects
on human health, vegetation, and materials~This
photochemicalozone formation phenomenonhas
been,for decades,an extensiveand persistenturban
air pollution problem for which the EPA has had to
developandrecommendspecific emissioncontrol poli-
cies and associatedimplementationregulations.

The purposeof such ozonepolicies has beennot
only to imposerestrictions and/or reductionsof mass
of ozone precursoremissions,but also to encourage

developmentof alternativeindustrialandcommercial
productswith morefavorableenvironmentalcharac-
teristics.Thus, includedin the policies are provisions

for excluding from regulation productswith adverse,
but tolerably small, environmentalimpacts. The EPA
policy specifically includesrequirementsfor invento-
rying and controlling emissionsof photochemically
reactiveVOCs (thosewith high potential for produc-
ing ozone),but exemptsthosethat are shownto be of
negligible reactivity. Thepart of thepolicy dealingwith

reactivity classificationof VOC emissionsandexemp-
tion of the negligibly reactive ones from associated

control, inventory, and emissiontrading regulations
is commonlyreferredto as “VOC reactivity policy.” It
is a useful policy since,as believedby most—though

not a113—experts,the reactivity-based,selectivecon-
trol of VOC emissionsis more cost-effectivethan the
indiscriminate,mass-controlapproach.Also, substitu-
tion of less reactivefor more reactive organic emis-
sions offers a supplementalcontrol option when all
masscontrol optionsare exhausted.

During the yearsfollowing the issuanceof the first
ozone-relatedemissioncontrolpolicy, therehavebeen
numerouspetitionsfiled with EPA for exemptingspe-
cific organicemissionsfrom the ozoneregulationswith
thejustification that the petitioned emissionsare of

IMPLICATIONS
The work described in this article has implications related
to EPA’s policy on control of organic emissions for ambi-
ent ozone reduction. The policy consists of regulations that
require inventory and control of organic emissions in ozone
non-attainment urban areas, but, for the purpose of en-
couraging development of environmentally superior alter-
native products, it also permits exemption of those emis-
sions that are shown to have negligible potential for ambi-
ent ozone production. The current policy has been in ex-
istence since 1977, with only minor changes to date. Re-
cent research results and understanding, however, sug-
gest that certain elements of the policy need to be up-
dated. These science-dictated revisions will be taken into
account in EPA’s effort to develop an updated policy that
is effective both in enhancing ozone air quality and en-
couraging development of environmentally superior com-
mercial products.
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negligible reactivity. Thosepetitionsforwhich thejus-
tification wasjudged to be valid wereapprovedas be-
ing in compliancewith the EPA policy. However, as
new scientific evidenceon VOC reactivity was being
developedand the petitions were being examinedin
light of the new evidence,clearly EPA’s reactivitypolicy
neededto be re-evaluatedand updatedconsistentwith
the latestscientific findings andthinking. Thisled the
researchand regulatoryoffices of EPAto undertakean
effort to critically reviewthe scientific basesof the ex-
isting EPA policy, identify policy weaknessesevidenced

by the recentresearchstudies,and searchfor ways to
improve and strengthenthe policy. In planning this
effort, some of the policy and scientific issuesin the
VOC reactivity areawere recognizedto be extremely
controversial, hence EPA must solicit and consider
extensiveinput from the outsidescientific community.

This report presentsthe author’sperceptionson
(1) inconsistenciesbetween existing EPA policy on

VOC reactivityand currentscientific evidenceandun-
derstanding,(2) consequentcorrectivepolicy revisions
needed.(3) associatedpersistingscientific issues,and
(4) new researchneededto addresssuch issues.It is

offered in the hope of serving as the first step and a
focusin EPA’s continuingeffort to review andimprove
its policy. In preparingthis report, the author strove
to take into accountprevailingviewpointswithin and
outsideEPA, as well as outsidethe United States.

EVOLUTION OF CURRENT POLICY
The initial version of the current policy was issued in

1971 as part of EPA’s guidanceto statesfor preparation
of State ImplementationPlans (SJP~for ozoneattain-
ment. In that version,EPA emphasizedreductionof to-

tal massof organicemissions,but it also offeredthat “sub-
stitutionof onecompoundfor anothermight be useful
whereit would result in a clearly evidentdecreasein re-
activity andthustend to reducephotochemicaloxidant
formation.” This latter statementencouragedstates to

promulgateSIPswith organicemissionsubstitutionpro-
visions similar to the Los Angeles District’s Rule 66,
which allowedmany VOC specieswith appreciable,but

tolerable,adverseeffects to be exemptedfrom control.
The exemptstatusof many of thoseorganicemis-

sion specieswas questioneda few years later, whenre-
searchresultsrevealedpollutant transportconditionsen-
hanceozoneformation so as to make thoseorganicsact
assignificant ozoneproducers.This led EPA to issue, in
1977,a RecommendedPolicyon Control of Volatile Or-
ganic Compounds,6offering its own, much more lim-
ited list of exempt organiccompounds.Specifically, in
the recommendedpolicy EPA judged only 12 organic
compoundsto be of negligible reactivity and,of those,

only four qualified for exemption.At that time, EPA
electednot to craft a definition of “negligibly reactive’
that includedtestmethodsor other indicesof reactivity,
becauseof the substantialcommitmentthatsuchadefi-
nition would require on the part of EPA for time and
resources.Thus,the responsibilityfor provingthe negli-
gibly reactivenatureof an organicemissionspecieswas
intendedby EPA to rest outsidethe agency.However,
regardlessof that intention, EPA laterdid supportdevel-
opmentof protocolmethodsfor reactivity-testingorganic
compoundsand offered them, unofficially at least, for

public use.Thosemethods,known as the “~“ andIn-
crementalReactivity (IR~methods,are now routinely
used for comparingthe reactivity of an organic com-
pound with that of ethane,which is the compound
whosereactivity is usedby EPA as the borderlinesepa-
rating reactive from negligibly reactive organics.Com-
parisonsare madeon a per-mole basis,but, in at least
onecase,EPA accepteda judgmentbasedon a per-unit-
weight basis comparison.Thesemethodswere used ex-
tensively during recentyears to assessthe reactivity of
previously unstudiedorganics.As a result, severaltens
of compounds,mostly in the halocarbonfamily, were
addedto the list of negligibly reactives.

Finally, in 1992, EPAsimplified its selectiveorganic
emissioncontrol policy by generalizingthe definition of

VOC to denoteorganiccompoundswith significant po-
tential for ozoneformation,andby declaringall organic
emissionspeciesto be VOCs, exceptthosethatwere “ad-
equatelyshown, and determinedby EPA,” to be negli-
gible ozoneproducersand,hence,non-VOC#.

The analysisanddiscussiongiven herehavebeen
structuredin terms of componentsdealing with five
key elementsof the EPA policy in its current form.

Perceivedweaknessesand related scientific issuesare
discussedandrecommendationsfor improvementare
offered separatelyfor eachcomponent.The subjects
of thesefive policy elementsare (1) exemptionof or-
ganic emissionson reactivity bases, (2) ethanereac-

tivity “bright line,” (3) reactivity classificationguide-
line methods,(4) universalvalidity of reactivityscales,
and (5) emissionvolatility.

Exemption of Organic Emissions
on Reactivity Bases

Thispolicy elementmandatesthatthe non-VOCemissions

may be exemptedfrom the ozone-relatedcontrol and in-
ventory requirementsandmust notbe usedin emissions
netting, offsetting,or trading. Oneimportant implication
arising from the inventory requirementexemptionis that
non-VOCorganicemissionscannotbe includedin model-
computationsof emissioncontrol requirements.The im-
portanceof this implication will bediscussedlater.
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Exemptingfrom the ozoneregulationsthe specific
organicemissionsidentified by EPA as negligibly reactive
hasbeenjustified. to date,basedon two earlyjudgments.
The first judgmentwasthat while nearlyall organiccom-
poundsare capableof producingozone, not exempting
from the control requirement(and, by extension,from
the inventorying requirement)those compoundsthat
produceonly negligible amountsof ozonewould be im-

practical and/ornot cost-effective.
The secondjudgmentwas that thereis. indeed,a

significant numberof organiccompoundsthat are not

capableof producingappreciableozone.Thatjudgment
•was basedon resultsfrom anEPA smogchamberstudy
conductedduring 1975—76.the objectiveof which was
to developa rationalefor defining a borderlinereactiv-
ity level separatingnegligibly reactive organic com-
poundsfrom reactiveones.The researchersin that study
understoodthatsucha rationalecould not be developed
without a compromise,giventhatnearlyall organiccom-
poundswere thought to havea potential for forming

ozone,and (if scientific criteria alone wereto be used)
the distinction betweenreactiveandnegligibly reactive
organicswould haveto be largely arbitrary In search-

ing for a compromise,the researchersfelt the arbitrari-
nessof theborderline level would be reducedsomewhat,
if that level were to be relatedsomehowto the ambient
ozoneair quality standard,which at that time was0.08
ppmO~.This led them to define negligibly reactiveor-
ganicsas thosewhich, whenpresentin the atmosphere
each alone at ambient concentrationscomparablewith
thoseoccurringin the mostpollutedurbanatmospheres
(i.e.. Los Angelesduring the smogseason),and under
optimum VOC-to-NO~ratio and irradiationtime condi-
tions, will not produceozoneconcentrationsexceeding
theozoneair quality standard.Basedon that definition,

the researchersdesigneda smogchambertest program
in which (a) anumberof selected,low-reactivity organic
compoundswere irradiatedindividually in the cham-
berat the concentrationof 4 ppm (mole/mole) andthe

VOC-to-NO mole ratio of 20, until the ozoneconcen-
tration peaked,and (b) resultantpeakozoneconcentra-

tions weremeasuredandcomparedwith the 0.08-ppm
value. Resultswere interpretedto meanthat, if all or-
ganic pollutantspresentin a severelypolluted U.S. ur-
ban atmosphere(suchas the Los Angelesatmosphere
during smogseason)were to be replacedby an equimo-
lar concentrationof ethaneor otherequallyor less reac-
tive organic,thenozonelevels in that atmospherecould
not exceedthe ozonestandard,evenunderprolonged
irradiationandfavorableVOC-to-Nq conditions.Based

on those results, organiccompoundsthat are equally
as, or less reactivethan, ethanecouldbe assumedto be
negligibly reactive.

Those two judgmentsare no longerentirely valid
basesfor thispart of the EPA policy Researchersnow be-
lieve that,while sufficientlyunreactiveorganicemissions
shouldbe exemptedfrom ozone-relatedcontrol for prac-
tical reasons,exemptingsuch emissionsfrom the inven-
tory requirementis not, for the following reason,Con-
trol-exemptorganicscould,at leastconceivably,accumu-

late in theatmosphere(dueto growth) at levelsthat ulti-
mately would be high enough—higherthan the Los An-
gelessmogseasonlevels—formanyof themto causeozone
exceedances.Therefore,control-exemptorganicemissions
shouldbe consideredin computingcontrol requirements.
This, of course,requiresthat they beinventoried. In con-
clusion, the privileged treatmentcurrently accordedthe
non-VOC organicemissionsis partly unjustified, consti-
tuting a weaknessof this componentof the EPA policy.
The recommendationofferedhereisthatall organicemis-
sions, regardlessof reactivity, be inventoriedto allow the
optionof consideringthemin developmentof ozonecon-
trol strategies.If exemptionsmustbe allowed, then the
exemptorganicsthat should be allowed are only those
with reactivitiesthatarenotsignificantlygreaterthanzero.
Suchorganicswould probablyincludecertainfreoi~and
other comparablyreactive organics,as well as thoseof

negativereactivity undervirtually all typical conditions.

EthaneReactivity “Bright Line”
According to the existingEPA policy organicemissions
with reactivity equal to or lower than that of ethane—
that is, at or below the ethanereactivity “bright line”—
shall be exemptedfrom the ozoneregulationsas being
negligibly reactive.Thispolicy elementhasbeenneither
explicitly describednor officially issuedby EPA. Rather,
it acquiredpolicy statuswhenEPA beganto usethe com-
parisonwith ethaneasthe basisfor judging whetheran

organicemissionspeciesshouldbesubjectto, or excluded
from, the ozoneregulations.The rationalebehind this
EPA practiceis derivedfrom the fact that ethaneis the
most reactivespeciesof thoseidentified by EPAas being

negligibly reactive.8

Associatedwith this policy elementarefour questions
at issue:

(1) Shoulda bright line, ratherthanaband,be used
as the boundarybetweenthe reactiveandnegli-
gibly reactiveorganiccompoundclasses?

(2) Should ethanecontinue to be the boundaryre-

activity species?
(3) For identification of negligibly reactiveorganic

compounds,should the comparisonwith
ethane—orsome other benchmarkspecies—be
madeon a per-unit-weightor a per-molebasis?

(4) Is the distinction betweenreactiveand negligi-
bly reactiveorganiccompoundsreally necessary?
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Use of a bright line-,-ratherthan a band—maybe
viewedas a weaknessin the EPA policy becauseit leads
to the unreasonableconclusionthat two organicemis-

sion speciesthat are only slightly different in reactiv-
ity could be lying onebelow and oneabovethe bright
line. That is, one could be subject to, and the other
exemptfrom, regulations.The use of a bandcentered
over the benchmarkspeciesreactivity andboundedby
the uncertaintyboundsmay be better justified than
the useof a bright line. For the specialcaseof organics
whosereactivitieslie within the band,a weight-of-evi-

denceapproachcould be usedto assigna VOC or non-
VOC status.For example,a non-VOCstatuswould be
grantedto thoseorganicemissionsthat would be used
to replaceother. clearly more reactive ones—aviable
approach,but one not necessarilywithout problems.
An alternativemethod that avoids the problem with

organicslying nearthe bright line is the “continuous
reactivity adjustment” method used in California’s
Clean-Fuel/LowEmissionsVehicle regulatory pro-
gram.’2 By this method,the non-methaneorganic
emissionsfrom automobilesare treatedas VOCs, with

environmentaleffects measuredby their reactivity-
weightedamounts.All thesemethodsof using the re-
activity concept in regulatoryorganic emissionpro-
grams havevarying merits and difficulties. Scientific
issues associatedwith obtaining a valid, acceptably
accuratemeasureof an organiccompound’sreactivity
presentsa common difficulty. There are also regula-

tion implementationissues,such as enforceability,
proprietary concerns,and regulatory complexity.
Therefore,before EPA revisesits reactivity-basedcon-
trol regulations,it must first solicit and considerin-
put from the industrial, governmental,and academic
communitieson all scientific and policy issuesin this
subjectarea.

The secondquestionat issue is whetherthe reactiv-
ity benchmarkspeciesshouldbe ethane.To understand
this issue,one must first understandthe reasoningEPA
used in identi~’ingthe negligible reactivity organicsto
be exemptedfrom the VOC definition. That reasoning
wasderivedfrom the results of the 1975—76EPA study
previously described,The data from that study showed
propaneformeda peakozoneconcentrationequalto 0.08
ppm, and basedon that finding, the researchersoffered

that ‘unreactiveorganicsare definedas thosewith reac-
tivities lower than the reactivity of propane.” Based on

that, andpresumablytoensureachievementof the stan-
dard, the EPAauthorsof the 1977 policy developeda list
of negligibly reactiveorganicswhich consistedof ethane—
an organicwith nearlyone-third the reactivity of pro-
pane—andall other organiccompoundswith reactivity
equalto or less than that of ethane.

The precedinginterpretationof the datafrom the
1975—76 study provided a justification for the selec-
tion of ethaneas the reactivity benchmark,but it did
not include two relevantand importantqualifications,
an omission that is perceivedas a weaknessof this

policy rule with significant implications,as discussed
later. The first qualification is that the useof ethane
as the benchmarkis valid. providedthe reactivitycom-
parisonwith ethaneis conductedonanequimolar con-
centi-ation basis Obviously. had the comparativetesting
in the smog chamberstudy previously cited°been

conductedusing, for example,equal weight concen-
trations,thensomeother organicspecieswould have
beenselectedas the reactivity benchmark.

The secondqualification is that organic species
equallyas or lessreactivethanethaneare negligibly reac-

tive only aslongastheyoccurin the atmosphereatconcentra-
tion levelsnot exceeding4 ppm(mole/mole).Again. had the
citedsmog chambertestingbeendoneat higher (than4
ppm) or lower initial organicconcentrations.moreor less
ozonewould havebeenproducedand.insteadof ethane,
a lower or higher reactivityorganicwould havebeense-
lectedas the reactivitybenchmark.

Anotherweaknessof this policy rule arisesfrom the
uncertaintiesof the smogchamberdatausedas a basis

of the rule. Thosedata,taken in a studyperformedmore
than two decadesago,are now known to have uncer-

taintiesassociatedwith chamberartifact phenomenaand
the unrealisticconditionsusedin smogchamberstudies

at that time. Particularlyimportantis therealisticcondi-
tions factor,as attestedby current knowledgethat when
low reactivity organicsare irradiated in the presenceof
realistic VOC mixtures, they produce.as a rule, much
more ozone’3 than when irradiatedalone, as was done
in the EPA smogchamberstudyof 1975—76.The signifi-
cant implicationfrom this knowledgeis that the reactiv-
ity benchmarkspeciesshouldnot be ethane,but a spe-
ciesof lower reactivity.

Finally. note that EPA has recently revised the

ozone air quality standardfrom a one-hour average-
ozone-concentrationvalue to an eight-hour average
value.’4 This obviously requiresthat the definition of

“negligibly reactiveorganic” be revisedand a newre-
activity benchmarkspeciesbe selected.

In conclusion,reactivity classificationof organics
and selectionof a reactivity benchmarkare issuesthat
mustbe restudiedusing much improved currentmeth-
odolo~’(discussedbelow).Furthermore,andequally im-
portant, considerationshould be given to the implica-
tions raisedby a classificationthat is too conservativeor

toopermissive.For example,use of a less-reactive-than-
ethanebenchmarkspecieswould result in increaseden-
vironmentalbenefits,but such increasedconservatism
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would also tend to lessenthe incentive for the industry
to developlower-reactivitysubstituteproducts.Clearly,
an analysisis needed,with engineering,economic,and
scientific inputs from theindustrial, governmental,and
academiccommunities,beforeEPAcanselectandadopt
an optimum reactivityclassificationscheme.

The third question—whetherorganiccompounds
shouldbe comparedwith ethaneon a per-unit-weight
or a per-molebasis—is raisedas a challengeto EPA’s

use,in at leastone case,of the per-unit-weight basis
with thejustification that it is consistentwith agency

practicesin the emissioninventoryandemissionstan-
dardsareas.Use of the per-unit-weightbasis in the re-
activity areais of questionablevalidity for reasonsthat.

aspreviouslyexplained,are relatedto the selectionof
ethaneas the boundaryspeciesseparatingreactivefrom
negligibly reactiveorganicsand the qualifications of
such a selection. To reiterate.the per-molebasis must
be used,sincethe ethanewasselectedout of arequimo-
lai- comparisonof organiccompounds.Use of the per-
unit-weight basis for comparisonof organic com-
•poundswith ethanehas the significant consequence
of tending to causereactive, high-molecular-weight
VOCs to be classifiedas negligibly reactive,in conflict
with the molar reactivity data.

To further clarify, it isnotadvocatedhere that the
per-mole basis mustbe the one to use.The author’s in-
tent is merelyto cautionthat, for comparingorganicspe-

cieswith the benchmarkspeciesfor reactivity-classifica-
tion purposes,theper-molebasis mustbeused,if ethane
is the benchmarkspecies.If the weight basis must be
used, then a reactivity benchmarkspeciesother than
ethanemustselectedandused.In fact. a roughestimate
of thereactivity level of sucha benchmarkcan be com-

putedsimply from the 1975—76EPAstud3’°data,as fol-
lows, Giventhat themolecularweightof the averageVOC
speciesin an urbanatmosphereis 69’~2.3 timesgreater
than that of ethane,ona per unit weightbasisthe reactiv-
ity borderline separatingreactivefrom negligibly reac-
tive organicsshouldbe at a level 2.3 timeslower than
that of the ethanereactivity. This lessens.but doesnot
remove,the problem relatedto the choice of the basis
usedto comparereactivitiesof organiccompounds.Com-
poundswith a molecularweightgreaterthan69 still may
be classifieddifferently dependingon whetherthe weight
basis or the mole basisis used for the comparisonwith
the benchmark.In fact, this problemis unavoidableand

constitutesa conceptualweaknessof the part of thepolicy
that calls for classifyingorganicemissionsinto VOCsand
non-VOCs basedon comparisonwith a given organic

compound’sreactivity.
The final question,whetherthe distinctionbetween

reactive and negligibly reactive organic compoundsis

really necessary,is to a largeextent—butnot totally—of
a policy nature,governedmainlyby socioeconomiccon-
siderations.If such a distinction must be made. then it

also shouldhavea fairly concreteand reasonablescien-
tific justification. One such classificationwould be. for
example,the one in which the negligibly reactive or-
ganicsare thosewhosereactivitiesare not significantly
greaterthanzero. Thiswould be tantamount.however,
to anextremelyconservativepolicy. To lessenthe prob-
lem, considerationshouldperhapsbe given to allowing
credit for substituting low-reactivity VOCs for substan-
tially morereactiveones.In sucha policy, the termssig-
nificantly and substantiallywould be definedby the
agencyaloneor in consultationwith othersectors.

Reactivity Classification Guideline Methods
Existing EPA guidelines for reactivity-classifyingor-
ganic emissionsare unofficial. They are surmisedfrom
EPA practicesin which the kOHmethod7is usedfor iden-
tifying negligibly reactiveorganicsandCarter’sMaxi-

mum IncrementalReactivity (MIR) method8forascer-
taining reactivitieshigherthan that of ethane.The koH
methodis basedon measurementof the rate constant

of the reactionof hydroxyl radicals (OH) with the or-
ganic speciesand comparisonwith the rate constant

for the OH reactionwith ethane.Carter’smethod uses
a smogchamber-testedchemicalmechanismmodel to
computereactivitiesfor a given set of ambientcondi-
tions. Both guidelinemethodshaveweaknesses.

Whenthe first guidelinemethod,the ~ method,was
conceived,organiccompoundswith aI~value lower than
that of ethanewereassumedto also havelowerozonepro-

duction potentials.Thatassumptionwasbasedon thebelief
that the rate-determiningstep in the ozone-producing
photodegradationof an ambientorganicpollutantwas the
reaction of the organic with OH—the first step of the
photodegradationprocess.Thatassumption,however,is now

being questioned.To explore the validity of this assump-
tion, theauthorcomparedMIR reactivitieswith reactivi-

ties for some370 organicspecies’,6usingreactivityvaluesin
ethaneequivalentunits.The comparisonshowedthe MIR
values to be higher—and.in somecases,considerably
higher—thanthe respective‘SH valuesfor some 40 organic
species(within the paraffin, aromatic,ketone,andhalocar-
bon families). Basedon that fact, one cannotrule out the
existenceof organicspecieswith lower-than-ethane~ re-
activitiesbut higher-than-ethaneMW reactivities.Evidently,
the chemis~yfollowing the initial OH reactionstepcanbe
sufficiently potent (in termsof ozoneproduction)to more
thanoffsetthe effect of the low OH reactionrate.

Carter’ssmogchamber/modelingmethod hasa va-
lidity advantageover the kONmethodin that the reactiv-
ity data it producesare more direct measuresof ozone
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potential. However, it also hasweaknesses.Namely, it is
basedon useof Empirical ChemicalModelingApproach
(ECMA) a single-cell box model that treatsatmospheric
processeswith inadequatedetailandsimulatesonly one-
day ozoneepisodes(in someurbanareasozoneepisodes
are of multi-day duration): usesa chemical mechanism
that is outdated;andusesunrealisticscenariosof urban

conditions)7”8

More recently,McNair andco-worketh8developeda

new modelingmethodthathasthe following advantages
over the Cartermethod: (1) it is basedon use of a three-

dimensionalairshedmodel capableof simulatingmulb-
day ozoneepisodes;(2) it usesrealistic conditions;and

(3) it is equippedwith a recent-version—thoughcon-
densed—chemicalmechanism,Its disadvantagescom-
paredwith the Cartermethodare its tediousnessandcost-
liness, andthe difficulty—inherentto airshedmodels—
of accommodatinganexplicit (i.e., non-condensed,hence
more detailed)chemicalmechanism.

Finally, thereis also a method developedin Europe

by Derwentandco-worker~”2°that usesa photochemi-
cal trajectorymodel andthathasthe uniquenessof being
equippedwith an extremelydetailed masterchemical
mechanismcontaining some7,100 reaction stepsand
2,400 chemical species.Notwithstandingthe fact that

many of the requisite reactionrate constantshave not
beenmeasured—onlytheoreticalestimatesareavailable—
thatmechanismderivesan amountof credibility from its
highly detailednatureandits goodagreementwith other,

smogchamber-testedmechanisms.This especiallyis true
when applied on low-reactivity organicsfor which the
experimentalreactivitymeasurementmethodsare known
to be unreliable.

Ideally, the method for determining reactivities
shouldbe onethat combinesthestrengthsof themeth-
oth describedhere:namely,the combinedsmogcham-

ber testing and modeling approachconceived by
Carter, the applicationof airshedmodels introduced
by McNair andco-workers,andthe emphasison chemi-

cal mechanismdetail advocatedby Derwent and co-
workers.In practice,such a combinationis precluded
dueto computercapability limitations and cost. One
conceivablecompromisewould be a methodthatuses
a currentscienceairshedmodel—for instance,the EPA-

developed Models-3,” equippedwith a late-version
explicit mechanism—andsets of detailed, well-docu-
mented urban and regional conditionsfor a number
of ozoneepisodesin severalurban/regionalareasin
which ozone is sensitiveto the VOC factor. An effort
to developsuch a method and make it available for
public use,especially in casesin which the reactivity
evidenceobtainedwith the existingmethodsis equivo-

cal and critically needed,is strongly recommended.

Consistentwith this. the authorstronglyadvisesalso
that EPA developandsustaina programof laboratory
and modelingstudies on the atmosphericchemistry
of important (high emissionvolume) ambientorgan-
ics of not well-known atmosphericchemistry.Finally.

the author also perceivesa pressingneedfor a practi-
cal, inexpensivemethodto obtain reactivity estimates

for ambientorganicsof relatively low importanceand
unknown atmosphericchemistry.One such recent
method.proposedfor estimatingupperlimit reactivi-
ties.22shouldbe usefulas a screeningmethodfor iden-
tifying very low reactivity organics.

Universal Validity of Reactivity Scales
TheEPA policy now in use is basedon the assumptionthat
its currentclassificationof ambientorganicsinto VOCs and
non-VOCsis universallyvalid andindependentof pollut-
anttransport,ambientVOC composition,VOC-to-NO ra-
tio, and otherambient conditions. However, the photo-
chemicalozoneformationchemistryis suchthat the reac-
tivities of organicspeciesvary with ambientconditioni
This obviously raisesquestionsaboutthe practicality of a
reactivity scalethat is not universally valid. Researchis
neededto betterunderstandthevariationof reactivitywith
ambientconditions,andto eitherdevelopa moreeffective
way of classifyingorganicsby reactivity, or conceiveother
ways of applying the reactivity conceptin ozonecontrol
strategies.Considerationshouldbe given, for example,to

the fact that the uncertaintiesintroducedby the ambient
conditionsvariability factor are much smallerfor relative
reactivitiesand,by extension,for estimatesof emissionsub-
stitution benefits.2Thisunderscoresthe rationality of poli-
cies that encouragedevelopmentof organicproductsof
lower—thoughnotnecessarilynegligible—reactivityunder
all conditions,that is. policies that placethe emphasison
relativeratherthanabsolutereactivities,

Emission Volatility
The existing EPA policy and, specifically, its VOC defini-

tion rule,9distinguishesbetweenVOC andnon-VOCemis-
sions and cites reactivity as the basis for the distinction.
The policy, however, does not include volatility-specific

rules, and neither is thereexplicit volatility languagein-
cludedin EPA’s VOC definition rule. Therefore,unlike the
reactivityfactor, thecurrentEPA policyandassociatedregu-
lations ignore the volatility factor, eventhough the two

factorshaveanalogouseffects.Thus,thereare volatile and
negligibly volatile—asthereare reactiveandnegligibly re-
active—organicemissionscontributingsignificantly and
negligibly, respectively,to atmosphericozoneformation.
Recognizingthis distinction in the caseof reactivity, but
not in the caseof volatility, appearsto beaninconsistency
of the EPA policy.
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Ambient organicsdo not participate in the atmo-
sphedcozoneformationprocessunlessthey exist in the
gasphase.Distribution of an ambientorganicpollutant
in the gasandparticlephasesdependson the pollutant’s
volatility. molecularpolarity, solubility in water.reactiv-

ity, andnatureof the surfaceof the atmosphericparticles
with which the organiccomesin contact. In general,or-
ganicswith vaporpressureswithin the range l0’ko 10~

Torn commonlyreferredto assemi-volatiles.occurinboth
the gasand particlephases.For such organics,obtaining
emissionandambientconcentrationdatarelevantto the
atmosphericozoneformation phenomenonis not easy.
Measurementresults needto be adjustedto reflect the

phasedistribution of such organicsin the atmosphere—
which may be different than that in the emissions

stream—andthe fact that part of the particulateorganic
materialin the atmospherewill eventuallyvolatilize and
participatein the gas-phaseozoneformationprocess.

SUMMARY AND CONCLUSIONS
To dealwith the photochemicalozoneproblem in ur-
banareas, EPA developedandrecommendedan organic

emissionscontrol policy that took into accountemis-
sion reactivity. The highlights of this reactivity-related

componentof the policy are that (1) it calls for classi-
fying organiccompoundsinto reactivesor VOCs and
negligible reactivesor non-VOCs, with the reactivity
of ethane being the boundaryseparatingthe two
classes;(2) it requiresthe VOCs be subject to control
and inventory regulations;and (3) it exemptsthe non-
VOCs from suchregulationsandprohibits their usein
emissionsnetting,offsetting. or trading.Thebeliefnow
is that that policy and someassociatedofficial and/or

unofficial regulationsneed to be revised consistent
with recentscientific dataand understanding.

In reactivity classifying an organic compound,

EPA’s unofficial regulatory practicehas beento com-
pare the compound’s reactivity with that of ethane
using kOM or MIR data on a per-mole or a per-unit-
weight basis.The 1~

H’ however,is no longer believed
to be a valid indicator of anorganiccompound’sozone

production potential, and the MIR datausedto date
are now thought to have weaknessesassociatedwith
the EKMA modelingmethodusedto obtain them.Also,

use of the per-unit-weight basis is inconsistentwith
the selection of ethaneas the reactivity benchmark,
andcreatesa bias that causesreactive,high molecular
weight organicsto be classifiedas negligibly reactive.

For more reliable reactivity classificationof organic
compoundsandestimationof emissionsubstitutionben-
efits, new, moreaccurateincrementalreactivitydatamust
be obtainedand the possibility of needinga newreactiv-

ity benchmarkshould be explored. The requisite data

shouldbe obtainedby usinga modelingmethodthat uses
an airshedmodel,a smogchamber-testedexplicit chemi-
calmechanism,andwell-documentedambientconditions
for severalozoneepisodesin a varietyof non-attainment
urban/regionalareas.Also, organicsshould be compared
with the benchmarkspecieson a basis consistentwith
thatused to selectthe benchmarkspecies.

The latest scientific understandingis that many of the

organic compoundsidentified by EPA as non-VOCshave
greatersignificanceas ozoneproducersthanassumedby EPA,
to the extentthatexemptingthemfromcontrolregulations,
especiallythe inventoryrequirement,is notjustifiable. The
authorsubmitsthat if a distinctionbetweenVOCs andnon-
VOCs mustbe sustained,thennon-VOCsshouldbedefined
as those whose reactivities and volatilities are not signifi-
cantlygreaterthanzero.Recentscientificevidenceindicates

furtherthat,while the absolutereactivitiesof organiccom-
poundsaresubjectto fairly largeuncertaintiesdueto uncer-
taintiesin the atmosphericchemistryof the organicsand
the effectof varying ambientconditions, the uncertainties

of relativereactivitydataare substantiallysmaller.This sup-
ports regulatory policies that encourageemissionsubstitu-
tion as anapproachto ambientozonereductionto comple-
ment the emissionmassreductionstrategy.

In conclusion,the scientificevidencecurrentlyavail-
able supportsa reactivitypolicy that

(1) may allow blanketexemptionfrom ozoneregu-
lations for thoseorganicemissionswhosereac-
tivities/volatilities are not significantly greater
thanzero;

(2) valuesbenefitsfrom substitutionof less reactive/
volatile organicemissionsfor morereactive/vola-
tile ones; and

(3) requiresthat the reactivity dataused to support
substitutionbenefitsand“exemptibility” shallbe
validated using continually updatedairshed

modelingmethods.
Such a policy requiresalso that a continuingpro-

gramof laboratoryandmodelingstudiesbe developed,
encouraged,and sustainedto reduceuncertaintiesin
the areasof ozone-relatedatmosphericchemistryof
organicpollutants,organicemissioncomposition,and
reactivity modeling.

Finally, the advantagesof a reactivity-basedemis-
sion control policy over the total mass reductionap-
proach,andthespecificreactivitypolicy aspectsdiscussed

here, havebeensubjectsof scientific controversy,with
the scientific community being divided generallybe-

tweenreactivity advocatesandreactivityskeptics.There-
fore, in reviewingits policy andcontemplatingchanges,

to ensurecredibility, EPA mustsolicit anduseinput from
the scientific communityat largeandstrive to developa

consensusjudgment.
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